Abstract: Physico-chemical properties of microalgae biodiesel depend on the microalgae species and oil extraction method. Dioctyl phthalate (DOP) is a clear, colourless and viscous liquid as a plasticizer. It is used in the processing of polyvinyl chloride (PVC) resin and polymers. A new potential biofuel, hydrothermally liquefied microalgae bio-oil can contain nearly 11% (by mass) of DOP. This study investigated the feasibility of using up to 20% DOP blended in 80% diesel fuel (v/v) in an existing diesel engine, and assessed the performance and exhaust emissions. Despite reasonable differences in density, viscosity, surface tension, and boiling point, blends of DOP and diesel fuel were found to be entirely miscible and no separation was observed at any stage during prolonged miscibility tests. The engine test study found a slight decrease in peak cylinder pressure, brake, and indicated mean effective pressure, indicated power, brake power, and indicated and brake thermal efficiency with DOP blended fuels, where the specific fuel consumption increased. This is due to the presence of 16.4% oxygen in neat DOP, responsible for the relatively lower heating value, compared to that of diesel. The emission tests revealed a slight increase in nitrogen oxides (NO x ) and carbon monoxide (CO) emissions from DOP blended fuels. However, particulate matter (PM) emissions were lower from DOP blended fuels, although some inconsistency in particle number (PN) was present among different engine loads.
Introduction
The search for alternative fuels has been accelerated in recent years owing to increasing energy demands and limited fossil fuel reserves [1, 2] . Globally, the transportation sector consumes nearly 60% of the total oil consumption [3] . The demand for transport fuel is also growing rapidly, and this growth is mostly driven by the countries outside the Organization of Economic Cooperation and Development (OECD). It is estimated that the energy demand in commercial transportation will increase by about 75% by 2040. Therefore, demand for heavy-duty fuel (diesel) will rise by~85%, while gasoline demand will fall~10% over the same period [4] . The current trend in the vehicle market also suggests that the growing popularity of diesel vehicles, especially in the Asia Pacific and Europe regions, which will further drive diesel fuel demand [5, 6] . The market share of diesel vehicles has already exceeded 60% in some European countries such as France and Belgium [4] . Public concern over greenhouse gas emissions, human health and environmental impacts are significant drivers for alternative renewable sources of energy research. Globally, the transportation sector is responsible for nearly 30% of the greenhouse gas emissions [7] . Numerous studies have already revealed the deleterious effect of these pollutants on human health and the environment [8] . Therefore alternatives to diesel fuel are needed that can reduce the overall emissions from diesel engines, including its greenhouse gas loading.
Biodiesel is considered as a promising alternative to petro-diesel, not only for its renewability but also for its emissions benefits [9] . The well-to-wheel CO 2 emissions from biodiesel have been shown to be 50-80% lower than diesel, depending upon the feed stocks and production process [10] . There is overwhelming evidence in the literature that CO. HC and PM emissions from biodiesel are significantly less than diesel [11, 12] . Though NOx and Particle Number (PN) from biodiesel are usually shown to be higher in the reported literature [13] . However, some studies, suggest that both NOx and solid PN emissions from biodiesel can be reduced by controlling the physical-chemical properties [14] .
Biodiesel can be produced from a wide variety of sources. Among them, microalgae has been shown to be capable of meeting growing global biodiesel demand in the near future. However, the extraction of oil from microalgae efficiently and cost-effectively is still a major challenge to commercialize biodiesel derived from microalgae [2] . Compounding the complexity, the physicochemical properties of microalgae biodiesel also depend on the microalgae species and oil extraction method, which eventually influence their combustion and emissions behavior [15] .
Hydrothermal liquefaction is a developing technology to extract bio-oil from microalgae [16] [17] [18] . This extracted bio-oil can be a potential source for microalgae biodiesel. Our previous studies found nearly 11% dioctyl phthalate (DOP) in hydrothermally liquefied microalgal bio-oil [19] . DOP is a heavier distillate of crude petroleum oil and is a clear, colorless, and viscous liquid widely used as general purpose plasticizer. This study investigated the feasibility of blending a new fuel DOP with diesel, determining the physico-chemical properties of diesel-DOP blends, and testing their engine performance and emissions in a common-rail turbocharged diesel engine. The novelty of this study is to investigate the effect of DOP blends on diesel engine performance and emission. To the best of the authors' knowledge, no study has examined the influence of DOP addition to diesel fuel on engine performance and emissions.
Materials and Methods
The following sections describe in detail the experimental procedure and physio-chemical properties of DOP fuels. Experiments were conducted on a EURO III heavy-duty diesel engine coupled to a water brake dynamometer. The specification of the test engine is given in Table 1 . The engine was operated at the speed where peak torque occurs (1500 rpm) with four different loads (25%, 50%, 75%, and 100% of full load). Maximum load at any particular engine speed depends upon the type of fuel used; therefore for each fuel, maximum load was determined when the engine was at full throttle at 1500 rpm. The other loads (25%, 50%, and 75%) for that particular fuel/fuel blend were calculated and the throttle position was set to achieve the respective load. The combustion pressure sensor Kistler (6053CC60) sampled at 200 kHz was used to measure the in-cylinder pressure and a water type dynamometer was used to measure the brake power of the engine. Further details of the instrumentation for combustion diagnosis and engine performance can be found in Hossain et al. [17] . A partial flow dilution tunnel was used to sample raw exhaust diluted with particle free compressed air. A Dekati diluter was connected in series with the dilution tunnel to increase the dilution ratio further. A HEPA filter was used to provide particle free air for the diluters. The purpose of the dilution was to bring down the temperature as well as the concentration of gases and PM within the measuring range of the instruments. The diluted exhaust was then passed to different gaseous and particle measuring instruments. A CAI 600 series CO 2 analyzer and CAI 600 series CLD NO x analyzer were used to measure the CO 2 and NO x concentration directly from the raw engine exhaust. A second CO 2 meter (Sable, CA-10) connected via a three-way valve between the two diluters was used to record the CO 2 concentration from the diluted exhaust. Background corrected CO 2 was used as a tracer gas to calculate the dilution ratio for each stage. After the first stage dilution, PM 2.5 emissions were measured by a TSI DustTrak (Model 8530). DustTrak readings were converted into diesel particles using the tapered element oscillating microbalance to DustTrak correlation, which is published by Jamriska et al. [20] . A Cambustion DMS500 was used to measured the particle number size distribution. The engine exhausts were directed to a fast particle sampler (DMS500), where particle data were recorded. The DMS can record the particles from 5 nm to 1.0 µm. Further details of the exhaust measurement system can be found in Rahman, Stevanovic [21] . Figure 1 shows the schematic diagram of the experimental set up. A partial flow dilution tunnel was used to sample raw exhaust diluted with particle free compressed air. A Dekati diluter was connected in series with the dilution tunnel to increase the dilution ratio further. A HEPA filter was used to provide particle free air for the diluters. The purpose of the dilution was to bring down the temperature as well as the concentration of gases and PM within the measuring range of the instruments. The diluted exhaust was then passed to different gaseous and particle measuring instruments. A CAI 600 series CO2 analyzer and CAI 600 series CLD NOx analyzer were used to measure the CO2 and NOx concentration directly from the raw engine exhaust. A second CO2 meter (Sable, CA-10) connected via a three-way valve between the two diluters was used to record the CO2 concentration from the diluted exhaust. Background corrected CO2 was used as a tracer gas to calculate the dilution ratio for each stage. After the first stage dilution, PM2.5 emissions were measured by a TSI DustTrak (Model 8530). DustTrak readings were converted into diesel particles using the tapered element oscillating microbalance to DustTrak correlation, which is published by Jamriska et al. [20] . A Cambustion DMS500 was used to measured the particle number size distribution. The engine exhausts were directed to a fast particle sampler (DMS500), where particle data were recorded. The DMS can record the particles from 5 nm to 1.0 µm. Further details of the exhaust measurement system can be found in Rahman, Stevanovic [21] . Figure 1 shows the schematic diagram of the experimental set up. An ultra-low sulphur diesel (≤15 ppm) was used as a reference fuel. Two diesel-dioctyl phthalate blends namely 90D10DOP (blends of 90% diesel and 10% DOP) and 80D20DOP (blends of 80% diesel An ultra-low sulphur diesel (≤15 ppm) was used as a reference fuel. Two diesel-dioctyl phthalate blends namely 90D10DOP (blends of 90% diesel and 10% DOP) and 80D20DOP (blends of 80% diesel and 20% DOP) were used as test fuels for this study. Some important properties of the used fuels related to combustion and emissions are shown in Table 2 . The density and surface tension of both diesel-DOP blends are comparable with the reference diesel, these properties for pure DOP were slightly higher than the reference diesel, however, given the low blending ratio the influence on the final properties were small. The viscosity, surface tension, flash point, and heating value for pure DOP are reasonably higher than the reference diesel. Therefore, these properties for the blends were also higher. Regarding elemental composition, the reference diesel contains nearly 18% more carbon than pure DOP, where the hydrogen contents in both fuels are comparable. Pure DOP composed of 16.4% oxygen, despite having no oxygen in the reference diesel, 90D10DOP and 80D20DOP blends contain 1.6% and 3.28% oxygen, respectively. 
Results and Discussion
The following chapter has been discussed about the in-cylinder combustion characteristics, overall engine performance and regulated emissions behavior of microalgae extracted DOP-diesel blends. Figure 2 represents the indicated mean effective pressure (IMEP) and indicated thermal efficiency (ITE) with respect to the engine load. As shown in the figure, the variations in IMEP among the tested fuels were more prevalent at higher loads. IMEP for the reference diesel was the highest among the used fuels, and then, reduced gradually with the increase of DOP concentration in the diesel-DOP blends. ITE reduced with decreasing engine loads for all the fuels tested. The highest ITE was also observed for the reference diesel, followed by 90D10DOP and 80D20DOP. These reductions in IMEP and ITE are related to the lower heating value of DOP as well as inferior physical properties related to combustion compared to diesel fuel. Inferior fuel properties reduced in-cylinder combustion efficiency of the fuel, and low energy content in the fuel reduced the in-cylinder energy release per unit fuel mass. Similar results are reported by other studies when they used fuels having inferior physical properties and lower energy content than diesel [23] . For brake mean effective pressure (BMEP) and brake thermal efficiency (BTE; Figure 3 ) with the same fuels, similar trends were observed to IMEP and ITE for all fuels. Figure 4 shows the mechanical efficiency (ME) for the reference diesel fuel and two DOP blends. Mechanical efficiency is an engine performance parameter, which can give insight evaluation of friction losses. The ME was calculated from the ratio of brake power and indicated power. ME increases with an increase in engine load for all fuels. Compared to reference diesel, the two DOP blends show lower ME. A maximum reduction in ME was realised with 80D20DOP and then, 90D10DOP, compared to the reference diesel fuel. This could be due to the higher viscosity of the blended fuel. Higher viscosity will result in higher pumping losses in the fuel delivery system and also, higher frictional losses between the piston rings and cylinder [23] .
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lower ME. A maximum reduction in ME was realised with 80D20DOP and then, 90D10DOP, compared to the reference diesel fuel. This could be due to the higher viscosity of the blended fuel. Higher viscosity will result in higher pumping losses in the fuel delivery system and also, higher frictional losses between the piston rings and cylinder [23] . Figure 5 shows in-cylinder pressure vs crank angle diagrams for the tested fuels at 100%, 75%, 50%, and 25% loads, respectively. There was a common trend in all the plots. For each load, the reference fuel (100D) provided the maximum in-cylinder pressure followed by 90D10DOP and 80D20DOP, respectively. The difference in peak in-cylinder pressure among the used fuels was highest at 100% load, which then gradually decreased with engine loads, and at 25% load there was very little difference to notice. The reduction in peak cylinder pressure for DOP blends is due to their lower heating value compared to the reference diesel. It is interesting to note that the blends with higher DOP showed lower peak pressure, which could result from the low energy content of the higher DOP blends. Many studies in the literature have also reported a reduction in peak cylinder pressure with fuels having lower heating values and poorer physical properties [24] . Figure 5 shows in-cylinder pressure vs crank angle diagrams for the tested fuels at 100%, 75%, 50%, and 25% loads, respectively. There was a common trend in all the plots. For each load, the reference fuel (100D) provided the maximum in-cylinder pressure followed by 90D10DOP and 80D20DOP, respectively. The difference in peak in-cylinder pressure among the used fuels was highest at 100% load, which then gradually decreased with engine loads, and at 25% load there was very little difference to notice. The reduction in peak cylinder pressure for DOP blends is due to their lower heating value compared to the reference diesel. It is interesting to note that the blends with higher DOP showed lower peak pressure, which could result from the low energy content of the higher DOP blends. Many studies in the literature have also reported a reduction in peak cylinder pressure with fuels having lower heating values and poorer physical properties [24] . 
Exhaust Emissions
Figures 6-8 represent NO, NO 2 , and NO x and emissions from the tested fuels at various engine loads. Overall NO and NO x emissions increased with engine load, regardless of fuel type. It is interesting to observe that NO, NO 2 , and NO x emissions were the lowest for the reference diesel, and increased slightly with an increase in DOP concentration. It is usual for DOP blended fuel to generate lower in-cylinder temperature than reference diesel because of the relatively higher density, viscosity, surface tension, and lower heating value. High in-cylinder temperature is considered as the primary reason for thermal NO x formation in diesel engines [25, 26] . Therefore higher NO x emissions from DOP blended fuels seem unusual in the case. However, it may be explained if we consider the combustion mechanism. Each DOP molecule has three C-C double bond, two C-O double bond, and four oxygen molecules. Any double bond requires more time and energy to break, and also release more energy once broken. Therefore, DOP molecules could undergo prolonged premixed combustion due to the presence of multiple double bonds as well as lower boiling point and volatility, which are favourable for NO x Energies 2019, 12, 1964 8 of 14 production. At the same time once those double bonds are broken, they could create an instant local high-temperature spot inside the cylinder, although they do not significantly affect the overall mean spatial in-cylinder temperature. This instantaneous local high-temperature spot could also favour local thermal NO formation, and subsequently, increase overall NO emissions. Increased NO x due to the presence of double bonds in the fuel/fuel mix is also commonly reported in the literature [27, 28] . Another reason for higher NO x emissions with both DOP blends is the presence of fuel oxygen in their molecules. This excess oxygen can contribute to higher NO x emissions with the DOP blends [29] .
surface tension, and lower heating value. High in-cylinder temperature is considered as the primary reason for thermal NOx formation in diesel engines [25, 26] . Therefore higher NOx emissions from DOP blended fuels seem unusual in the case. However, it may be explained if we consider the combustion mechanism. Each DOP molecule has three C-C double bond, two C-O double bond, and four oxygen molecules. Any double bond requires more time and energy to break, and also release more energy once broken. Therefore, DOP molecules could undergo prolonged premixed combustion due to the presence of multiple double bonds as well as lower boiling point and volatility, which are favourable for NOx production. At the same time once those double bonds are broken, they could create an instant local high-temperature spot inside the cylinder, although they do not significantly affect the overall mean spatial in-cylinder temperature. This instantaneous local high-temperature spot could also favour local thermal NO formation, and subsequently, increase overall NO emissions. Increased NOx due to the presence of double bonds in the fuel/fuel mix is also commonly reported in the literature [27, 28] . Another reason for higher NOx emissions with both DOP blends is the presence of fuel oxygen in their molecules. This excess oxygen can contribute to higher NOx emissions with the DOP blends [29] . CO is a useful marker for in-cylinder combustion quality. Higher CO emissions indicate inferior combustion. Figure 9 represents the variation of brake specific CO emissions among the used fuels at different engine loads. CO emissions from DOP blended fuels were slightly higher than the reference diesel fuel, regardless of engine loading conditions, although CO emissions from 90D10DOP and 80D20DOP were almost the same, with the exception of 25% load. Low volatile viscous fuels have a poor tendency to mix with air, and cause incomplete/partial combustion resulting in higher CO emissions. The reactivity of DOP would be much lower than diesel due to double C-C bond, which could lead to incomplete combustion. Therefore, the relatively high CO emissions from DOP blended fuels are not unexpected in this research from this point of view. Contrary, the literature suggests a reduction in CO emissions from oxygenated fuels [11] . Since each DOP molecule contains four oxygen atoms, it is reasonable to expect a reduction in CO emissions from DOP blended fuels as well. However, in this case the influence of the physical fuel properties are more dominant than the presence of fuel-borne oxygen. Figure 10 shows the brake specific PM emissions from the fuels at different engine loads. PM emissions from the reference diesel were the highest among the fuels at all four tested engine loads. With an increase in DOP concentration, PM emissions reduced, except at 100% engine load where PM emissions from reference diesel and 90D10DOP were similar. This PM emission benefit from DOP blended fuel is well expected here since the reduction in PM emissions from oxygenated fuels is common in the literature [30] .
On the other hand, fuels having higher density, viscosity, surface tension, and low volatility are favorable for excessive PM emissions [10] . Therefore, one can expect higher PM emissions from DOP blended fuel as well. However, the influence of fuel-borne oxygen suppresses the fuel physical properties effect in this case. Our previous studies also found similar results while using biodiesels from various feed stocks [31] . Fuel-borne oxygen suppresses PM emissions by reducing fuel rich zones inside the combustion chamber and prevents subsequent soot formation as well as enhances oxidation of already formed soot particles.
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A portable raw exhaust gas exhaust analyzer (Testo 360) was used to find the percentage of oxygen in the exhaust gas. Figure 12 shows that the variation percentage of oxygen in the exhaust gas for different loads and fuels. The percentage of oxygen in the exhaust gas has changed with load significantly but the changes at same load for different fuel was not significant. 
Figure 12.
Percentage of oxygen contained in the exhaust gas for diesel and DOP blends.
Conclusions
In conclusion, this study investigated the influence of DOP addition to diesel fuel on engine performance and exhaust emissions. Despite a reasonable difference in physical properties, i.e., density, Figure 11 . Variation of brake specific particle number (PN) with engine loads for diesel and DOP blends. 
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In conclusion, this study investigated the influence of DOP addition to diesel fuel on engine performance and exhaust emissions. Despite a reasonable difference in physical properties, i.e., density, viscosity, surface tension, and boiling point, DOP and diesel fuel were found to be miscible with each other. The physical properties of the diesel-DOP blends were in some cases improved to those of diesel with an increase of DOP concentration. The engine test found a decrease in peak cylinder pressure, indicated mean effective pressure, indicated power, and brake power by 25%, 12.8%, 13%, and 14.4%, respectively. For DOP blended fuels the specific fuel consumption increased by a maximum of 6.33%. Emissions test results revealed a slight increase in NOx and CO emissions from DOP blended fuels, whereas the particulate matter (PM) emissions reduced by 37.9%. No conclusive trend was found for particle number (PN) emissions. The slight change in engine performance and emissions behavior of DOP blended fuels are related to the physicochemical properties of DOP.
Nevertheless, this study reveals that up to 20% DOP blended diesel fuel can be used in diesel engine without any significant compromise in engine performance or emissions. Therefore, it can be concluded that hydrothermally liquefied microalgae bio-oil chemical component can be blended and used in diesel engine despite the presence of significant amount (up to 11%) of DOP in it. Although without deteriorating engine performance significantly, both PM were reduced with DOP blends in the present study, however, further study is needed required before taking any initiative to commercialize DOP blended fuels.
